A carbide factor was derived based upon a statistical analysis which related rolling-element fatigue life to the total number of residual carbide particles per unit area, median residual carbide size, and percent residual carbide area. An equation was experimentally, deter mined which predicts material hardness as a function of temperature. The limiting temperatures of all of the materials studied were dependent on initial room temperature hardness and tempering temperature. An equation was derived combining the effects of material hardness, carbide factor, and ,, bearing temperature to predict rolling-element bearing life.
INTRODUCTION
Heat treatment can significantly influence several rolling-element bearing material properties. Most bearing procurement specifications do not designate heat treatment but rather call for certain material characteristics such as grain size and hardness, which are controlled by the heat treat cycle. Hardness is the most influential heat treat induced variable in rolling-element fatigue. [1] [2] [3] . A relationship has been proposed in [4] which approximates the effect of bearing material hardness on fatigue life.
Associate Member, ASME -U.S. Army Air: Mobility-R&D Laboratory, NASA/Lewis Research Center, Cleveland, Ohio. (1) where L-, and L« are the bearing ten-per cent life at bearing hardnesses \. £t of R -and R «, respectively, and m is a material constant. It is assumed for the purpose of this relationship which was obtained for AISI 52100 that all components in the rolling-element bearings, that is rolling-elements and the races, are of the same hardness. It was further assumed that this equation can be extended to high-speed tool steels. In [5] a nomograph was constructed which was based on this equation and the basic assumption that the material hardness for the various bearing steels varied similarly with temperature. This assumption may or may not be correct.
While the studies of [1] indicated that in general as hardness increased life increased, for a given hardness, materials having different chemical compositions would give significant differences in life. There have been considerable number of studies performed to determine the fatigue lives of various bearing materials [1, 2, [6] [7] [8] . However, none of these studies maintained the close control on operating and processing variables such as material hardness, melting technique, and lubricant type and batch required for unbiased material evaluation.
A research program that was specifically performed for the purpose of comparing the rolling-element fatigue lives of several through hardened bearing steels under identical conditions was reported [9] [10] [11] , A trend was reported that indicated a decrease in rolling-element fatigue life with increased total weight percent alloying elements. There was a strong indication that there was interrelation between the affect of alloying elements such as molybdenum, chromium, vanadium, tungsten, and cobalt and the size and distribution of the metal carbides, which vary with alloy content and heat treatment.
The objective of the research described in this paper was to determine a criterion for the selection of rolling-element bearing materials based upon a material hardness and carbide factor which can be determined nondestructively and/or specified through heat treat procedure.
The results reported herein have been based upon data which was initially reported in [12, 13] . The results of these tests are tabulated in table II.
*
Hardness tests -The hardness of the materials was measured at both room and elevated temperatures using a standard hardness tester fitted with an inerted electric furnace. Hardness tests were performed using a 150-kilogram load and a Rockwell "C" diamond indentor. Ball specimens from the same heats as those fatigue tested herein were selected at random for hardness testing. Two parallel flats were ground on each specimen. The grinding was done at a very slow feed rate with
•''i a copious supply of coolant to prevent overheating of the test specimens.
Hardness measurements were taken immediately after an equilibrium temperature was reached before the heat input was increased for the next higher temperature. Approximately 1/2 hour elapsed before equilibrium was reached at each test temperature. 
For the other materials studied between 70° and 1000° F,
The difference in hot hardness capability between the AISI 52100 and the high-speed steels can be explained by the difference in the precipitation hardening phase. In AISI 52100, the precipitate is an iron carbide In this study, the materials tested were exposed to elevated temperatures only long enough (30 min) to make hardness measurements after having reached a predetermined equilibrium temperature (approximately 30 min). The effects of exposure to elevated temperatures for longer periods of time were not studied as a part of the research reported herein. However, time at temperature is just as important a factor as temperature itself with regard to hot-hardness characteristics. In fact, in heat treating practice, these two factors are considered interchangeable. That is, if the heat treating temperature is reduced, an identical structure can be obtained by increasing the exposure time at the lower temperature. High speed steels tested up to 1100° F showed no change in room temperature hardness. However, if the material were taken up to 1200° F, a hardness change was observed.
Carbide effects -From the data of [9] [10] [11] it was speculated that an interrelation existed among median residual carbide size, number of residual carbide particles per unit area and the percent area of residual carbides and rolling-element fatigue life. Residual carbides are those carbides that do not go completely into solution during austenitizing and are a function of the alloying elements and heat treatment. This is opposed to the hardening carbide precipitates, which precipitate upon aging at the tempering temperature,, The carbides referred to in the rest of the paper will be the residual carbides"
If the carbides in a material are the nucleation site of an incipient fatigue failure, then the probability of survival S for a lot or specimens or a single specimen is a function of the product of the probabilities of survival due to the median carbide size, S , the number of carbide particles per unit area, S , and the percent area of carbides, S'. This relationship can be expressed as S = S a ' V S " All of the alloying elements mentioned above are carbide formers, with the exception of cobalt" The exact effect cobalt may have upon rollingelement fatigue is not clear. It has been suggested that cobalt may decrease the fracture toughness of the material [15] . In addition, a Russian paper [17] suggested that the nonuniformity of the material increased due where K-, Kg, Kg, and K 4 are constants. From equations (7) and (8) S« can be expressed in terms of S« as follows:
By using Weibull analysis [18] : Combined effects -There appears to be two distinct criteria in the selection of a through-hardened rolling-element material. First, , rolling-element fatigue life is a function of material hardness. Second, life is a function of carbide size, area and number as represented by the carbide factor. These two criteria can be combined to both determine and evaluate without extensive testing the fatigue life of a bearing material or groups of materials. From equation (1), let Lj be the bearing life calculated according to [20] . Hence
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where C is ; the basic load rating of the bearing and P is the equivalent load [20] . Assume, based upon experience, that the basic load rating is based upon a material hardness of Rockwell C 60, As a result, equation (1) 
Combining equations (22) and (23) Values of m for other bearing materials have not been experimentally \ ' ' -determined. However, they can reasonably be assumed to also equal 0. 1.
Values for a and j3 can be obtained from the section entitled -"Hardness tests. " For ball and roller bearings n is equal to 3 and 10/3, respectively.
SUMMARY
Research was conducted to determine the effect of carbide size, area, and number on bearing fatigue life with eight consumable-electrode vacuummelted steels, which were fatigue tested in the five-ball fatigue tester at 150° F. Hardness measurements were conducted on five of the eight materials to temperatures of 1000° F. The following results were obtained:
1. A carbide factor was derived based upon a statistical analysis which related rolling-element fatigue life to the total number of residual carbide particles per unit area, median residual carbide size, and percent residual carbide area.
2. An equation was experimentally determined which predicts material hardness as a function of temperature. The limiting temperatures of the materials studied were dependent on initial room temperature hardness : and tempering temperature.
3. An equation was derived combining the effects of material hardness, carbide factor, and bearing temperature to predict rolling-element bearing life. to in co CD oo 
